ABSTRACT The collision avoidance problem for multicopters is solved based on the combination of geometrical constraints and kinematics equation through this paper. The method is proposed for solving the vehicle flight from the start position to a destination point with collision avoidance in both static and dynamic environment. First, a collision zone is determined by tangential lines from a current position of the multicopter to the boundary spheres of obstacles. A collision detection angle is computed based on geometrical constraints between the multicopter and the obstacles to determine the shortest avoidance path. Afterward, a guidance law is obtained from the Lyapunov stability to control the heading angle of the vehicle for collision avoidance. In addition, a method to approach a given position after the completion of collision avoidance is also presented in this paper. The proposed method is applied in the outer loop of position and heading control to generate the set point of velocity and heading angular rate. A numerical simulation in different scenarios was performed to prove the effectiveness of the proposed algorithm.
I. INTRODUCTION
The multicopters increasingly play an integral role in many practical applications, especially in places where the working environment is dangerous or human capacity is limited. Hence, the collisions between multicopters and uncertain moving objects or stationary objects become a serious problem and occur frequently. Therefore, the autonomous flight of multicopters with ability of collision avoidance is a very important issue for safe, stable and smooth operation.
There are many various solutions with different techniques to solve this problem. Budiyanto et al. [1] presented the potential filed principle to generate the optimal path planning for avoiding collisions in static and dynamic environment of unmanned aerial vehicles (UAVs). Lin and Saripalli [2] introduced a real-time path planning method for collision avoidance between a UAV with other aircraft. In this study, the collisions are detected by using reachable sets. A collision avoidance path is generated through the samplingbased method. Chen et al. [3] proposed a dynamic path planning method for UAV to avoid obstacles based on the tangent vector field and the Lyapunov vector field guidance.
A mixed-integer linear program algorithm is proposed by Richards and How [4] . This method is used to find the optimal trajectories for avoiding collisions between multiple aircraft. Sulakshan and Chimpalthradi [5] presented the real-time trajectories to design the vehicle velocity and flight path angle to avoid collisions in autonomous flight for UAV. Another UAV path-planning algorithm for collision avoidance is introduced by Cekmez and Ozsiginan [6] . In this study, the Multi-Colony ant optimization algorithm is used to construct a feasible path to avoid obstacles. Zhao et al. [7] presented an improved artificial potential field algorithm to avoid obstacles in a formation flight of UAVs. Other studies related to the collision avoidance ability for autonomous robot system can be found in [8] - [11] . However, these studies are based on optimization techniques, which require intensive computation. Therefore, these proposed methods are not suitable for real-time implementation with low microcontroller unit.
Another approach by using a vision-based collision avoidance method is proposed by Watanabe et al. [12] , this study described a minimum-effort guidance law to avoid the critical obstacle. The position of obstacles is estimated by the extended Kalman filter based on the image-based measurements. Choi et al. [13] proposed a real-time mid-air collision avoidance method for UAVs by using a vision sensor. Al-Kaff et al. [14] introduced an algorithm that mimics human behavior for collision detection using a monocular camera. This method used a camera to detect and analyze the changes of size of obstacle's feature point. The obstacle position is estimated and combined with tracking waypoint method to avoid obstacles. He et al. [15] proposed a method for collision avoidance based on the motion filed information. In this study, the obstacle in range map is detected and the guidance control law is designed based on navigation video of UAV. Odelga et al. [16] presented an indoor navigation algorithm for collision avoidance. The collision is detected based on RGB-D camera and a Bin-Occupancy filter. The obstacle avoidance module is designed based on the model predictive control. Another research of Shuai et al. [17] for collision avoidance between UAV and power towers or power lines by using the binocular stereo vision technique was introduced. Several other studies related to the collision avoidance ability for UAVs can be found in [18] - [23] . Generally, these methods are practical and good solutions to avoid obstacles. However, most of them are complicated computation and focused on the image processing techniques to estimate the size of obstacles and predict collisions.
Other simple studies for collision avoidance of UAVs have been developed based on the geometry approach such as: Chakravarthy and Ghose [24] introduced a method for collision avoidance based on geometrical constraints. In this study, the collision cone between a robot and moving object is introduced. By using this idea, Seo et al. [25] developed the obstacle avoidance strategy for UAVs in formation flight. Other studies related to geometry approach to solve the obstacle avoidance can be found in [26] - [29] . However, most of these studies only focused on obstacle avoidance without considering the trajectory of the vehicle in before and after completing of the collision avoidance process.
A completion of collision avoidance algorithm for multicopters is presented based on the combination of geometrical constraints and the kinematics equation through this study. A collision zone between the vehicle and an obstacle is defined by a boundary sphere, which is created when an obstacle is detected. The dimension of a sphere is determined considering both the vehicle's dimension and obstacle's dimension to easy finding the fastest avoidance direction. Afterward, from the geometrical constraints of the moving obstacles and vehicle, the tracking error angle between the vehicle's motion direction and the tangential lines from the vehicle's current position to the boundary sphere is computed to determine the shortest path for collision avoidance. A guidance law to steer the direction of multicopter is obtained from the Lyapunov stability. After the completion of collision avoidance, the target position approach algorithm is applied to direct the multicopter to a given point. The advantages of this method are ability to find the fastest direction to avoid moving obstacles and shortest path to obtain a given position after finishing of collision avoidance. Furthermore, the proposed algorithm is simple, low computation and practical nonlinear controller compare with other advanced approaches [30] - [32] with considerations of the implementation on a real-time embedded system. The full conventional control scheme of multicopter includes multi-loop (i.e. outer loop and inner loop). The proposed algorithms are applied in the outer loop of heading and position control to generate the set-point of heading angular rate and velocity. A proportional integral derivative (PID) control law is used in the inner loop to control the angular rate and velocity. To verify the performance and demonstrate the effectiveness of the proposed method, the numerical simulations in different scenarios were carried out with a quadcopter.
The remainder of this article is organized as follows. Section 2 presents the dynamic model of the quadcopter. The definitions and controller design for collision avoidance based on the geometry constraints are presented in Section 3. The target position approach algorithm is introduced in Section 4. Section 5 presents the results of numerical simulations. Finally, concluding remarks are given in Section 6.
II. QUADCOPTER DYNAMICS MODELING
In previous studies, many methods to determine the dynamic model of the quadcopter were proposed and demonstrated through simulations and experimental results [33] - [47] . In this section, the dynamic model of the quadcopter is briefly presented. The fixed frame E and body frame B are considered as shown in Figure 1 . Let φ, θ and ψ denote roll, pitch and yaw, respectively, φ ∈ (−π/2, π/2), θ ∈ (−π/2, π/2) and ψ ∈ (−π, π). The position of the quadcopter in fixed frame E is represented by vector (x, y, z). F i denotes the thrust force, which is produced by motor i(i = 1, 2, 3, 4); l represents arm length of the quadcopter. Let I x , I y , I z denote the moment of inertia along axis x, y, z of the quadcopter, respectively; m denotes the total mass of the quadcopter. The dynamic model of the quadcopter is described by the following equation [38] .
where, the first three equations of expression (1) show the rotational dynamics, and the next three equations show the translational dynamics. The control inputs for quadcopter briefly describe as follows [38] :
where F i = b i , i denotes the speed to be produced by motor i; b and d denote the thrust and drag coefficient.
III. COLLISION AVOIDANCE ALGORITHM A. FUNDAMENTAL DEFINITIONS
This section introduces the definitions of important parameters for the collision avoidance algorithm, which shows the relationship between the quadcopter and obstacles. These definitions are based on the geometry constraints, which are shown in Figure 2 .
Definition 1 (Boundary of Obstacle):
The boundary of an obstacle is a sphere, which shows the critical safety area between the quadcopter and an obstacle. Its radius can be defined as follows:
where, R ob represents the radius of the obstacle; the current position of the obstacle is at O (x ob , y ob ); R safe , R mc denote the safety radius and real radius of the quadcopter (including propellers), respectively.
In order to be easy computation and design a controller, let us consider R safe = R mc .
Definition 2 (Detection of Obstacle):
Let M (x m , y m ) denotes a current position of the quadcopter in the Cartesian coordinates. An obstacle is detected when the relative distance between the quadcopter and an obstacle satisfies the following relation:
where vector − → Dt = − → MO, D detect denotes the detection radius of sensor.
Definition 3 (Collision):
A collision occurs between the quadcopter and an obstacle if the relative distance satisfies the following relation:
Definition 4 (Condition of Collision and Avoidance Direction).

1) CONDITION OF COLLISION
Let v mc (v mc ≥ 0) and ω represent the constant velocity and heading angular rate of the quadcopter, respectively; ψ m represents the heading angle of the quadcopter; an obstacle moves with a constant velocity v ob (v ob ≥ 0) and a constant heading angle ψ ob . Let v rel and ψ rel denote the relative velocity and relative heading angle between the quadcopter and obstacle, respectively. The vector v rel is computed as follows:
Most collision occurs in two cases: Let β + and β − , β + ∈ (0, π/2) , β − ∈ (−π/2, 0) represent the angles of tangent line vectors − → MP and −→ MN with respect to the vector − → Dt, respectively. A collision between the quadcopter and a moving obstacle will occur when the relative heading angle ψ rel satisfies the following relation:
where PMN is zone of collision.
2) AVOIDANCE DIRECTION
Let α denotes the collision detection angle,
where,
Each of collision cases in Figures 2a, 2b , 2c, 2d, the vehicle will automatically select the fastest direction to avoid the collision based on the angle α as follows: If α ≥ 0 ⇔ ψ mo ≤ ψ rel < ψ mo + β + , the best direction of the quadcopter for collision avoidance is to turn left. Therefore α tracks β + . VOLUME 6, 2018 FIGURE 2. Geometrical relation between the quadcopter and a moving object of the collision avoidance algorithm.
If α < 0 ⇔ ψ mo − β − < ψ rel < ψ mo , the best direction of the quadcopter for collision avoidance is to turn right. Therefore α tracks β − .
Definition 5 (Completion of Collision Avoidance):
The collision avoidance is completely successful if the vector projection of vector − → Dt ( − → Dt = 0) onto vector v mc ( v mc = 0) is opposite to the direction of vector v mc , as shown in Figure 3 .
where σ is scalar. According to Eq. (10), if cos α < 0, (i.e. α ∈ (π/2, π) or α ∈ (−π, −π /2)) then the collision avoidance is completed. That is, at the time the quadcopter has just successfully avoided an obstacle, the velocity vector v mc is perpendicular to vector − → Dt, and the collision detection angle α reaches π/2. Therefore, the collision avoidance algorithm is activated if α satisfies the following relation:
between the quadcopter and an obstacle at which the collision avoidance algorithm activated. Therefore the avoidance action will work when:
Expressions (11) and (12) are the conditions to activate the collision avoidance algorithm.
B. KINEMATIC EQUATION AND CONTROLLER DESIGN
The geometrical relation between the quadcopter and a moving object is presented through this section; Based on this information, a guidance law is designed for collision avoidance. The kinematic equation of the vehicle, moving obstacles and the relation among its coordinates are described as follows:
1) KINEMATIC EQUATION
The equation shows the relationship between the quadcopter and Cartesian coordinates as follows:
The equation shows the relationship between a moving obstacle and Cartesian coordinates as follows:
2) CONTROLLER DESIGN
In this section, the guidance law is designed to control the heading angle of the quadcopter to avoid a moving obstacle. Once the collision detection angle α satisfies Eq. (11), meaning that the collision will occur in the future. Therefore, the objective is to design a controller such that the collision detection angle α tracks β ± until the angle α satisfies α ≥ β + or α ≤ β − . There are two cases to consider for collision avoidance as definition 4.
Case I [ψ m > ψ rel (As Shown in Figure 2a, 2b)]:
The relative heading angle ψ rel is computed as follows:
where η is the angle which is shown in Figure 2 .
Applying the sine law,
Substituting Eq. (17) to Eq. (18),
Eq. (16) can be obtained from Eq. (19).
From Eq. (16), the derivative of η is obtained as follows:
where
The relative distance − → Dt between the quadcopter and a moving object is computed as follows:
The derivative of Dt is computed based on Eqs. (13), (14) and (22) as follows:
Let e be the tracking error,
β ± , α and their derivative are obtained as follows:
The derivative of α is computed based on Eqs. (9), (13), (14) and (15) as follows:
β ± is calculated by:
The derivative of β ± is computed based on Eq. (23) and Eq. (26) as follows: (27) e is calculated from Eq. (24) as follows:
Substituting Eqs. (20), (25) and (27) to Eq. (28),ė can be re-written as follows:
Considering the candidate Lyapunov function:
Derivative of V 0 is computed as follows:
In order to achieve a negative value ofV 0 is to choose ω as follows:
where k is positive value.
Case II [ψ m ≤ ψ rel (As Shown in Figure 2c, 2d) ]: The method to design a guidance law is entirely the same as the case I.
The relative heading angle ψ rel is obtained as follows:
where (36) From Eq. (36), the derivative of η,
The derivative of α is computed from Eqs. (9), (13), (14) and (35) as follows:
Substituting Eqs. (27) , (37) and (38) to Eq. (28),ė can be obtained as follows:
Equations (39) and (29) are identical. Therefore the guidance law of case I (i.e. Eq. (34)) is also effective for case II.
IV. TARGET POSITION APPROACH
This section presents the algorithm to steer the quadcopter to the target position after completion of collision avoidance (as definition 5). It means that this algorithm will be activated if the angle α satisfies α ≥ π/2 or α ≤ −π/2.
Based on the geometrical relationship between the working path of the quadcopter and the moving path of an obstacle, the vehicle can directly move to the target position after its position is outside the moving area of the obstacle as shown in Figure 4 . Let S (x S , y S ) and T (x T , y T ) represent the start position and target position of the quadcopter, respectively. Assume, the collision avoidance is completed at point Q. However, the vehicle cannot directly move to point T from Q along a straight-line QT . Instead of QT , the curve QMT is a good path solution. This curve can be divided into two areas.
Area 1: The current position of the quadcopter M is inside the moving area of the obstacle. In this case, the vehicle still is in the risk zone of collision. Therefore, the normal heading controller (i.e. P controller) is applied to steer the quadcopter to a position outside the moving area of the obstacle with a constant velocity of v mc as the curve QM . The heading angular rate is generated as follows:
where, Kp yaw is a positive value. Area 2: The current position of the quadcopter M is outside the moving area of the obstacle. In this case, the vehicle can directly move to the target point.
Let ζ denotes an angle between the vector opposite of vector − → Dt and vector opposite of vector v ob . The angle ζ is only computed when α ≥ π 2 or α ≤ − π 2 , and the value of ζ is shown in Figure 4 .
The current position M of the vehicle is outside the moving area of the obstacle if:
Once the current position of the quadcopter satisfies Eq. 
vehicle at the destination point. Therefore, the error of position becomes:
Finally, the velocity of vehicle in the outer loop (as Figure 5) is generated by the position controller as follows: 
V. SIMULATION RESULTS AND DISCUSSION
A. SIMULATION CONDITIONS
Numerical simulations were carried out to test the performance of the proposed algorithm based on the general structure in Figure 5 . The position and velocity of the object within 10 meters. The other parameters are listed in Table 1 .
B. SIMULATION RESULTS
In this section, the results of simulation are shown in both static and dynamic environments.
1) STATIC ENVIRONMENT
In static environment, the velocity and heading angle of the obstacle is zero (v ob = 0, ψ ob = 0). In this case, the simulation was performed with a target positions as T (12, 25) and T (14, 25) . The results of simulation are shown in Figures (6-17) . Figures (6) (7) (8) (9) (10) (11) show the performance results of the collision avoidance with a target position T (12, 25) . Once the relative distance Dt ≤ D active (at t=4.17s in Figure 8 ), the collision avoidance algorithm is activated. Since α > 0, α tracks β + (Figure 6 ). The heading angular rate increases to turn the quadcopter left to avoid collision (Figures 9 and 11) .
At time t = 7.09s, the angle α starts to become larger than β + (Figure 6 ). It means that the velocity vector v rel is outside the collision zone. Therefore, the collision avoidance algorithm stops working. From this time, the quadcopter continues to go ahead with an angular rate of zero until α ≥ 90 degrees at t = 7.95s, at which point the collision avoidance is completely successful. At this time, the target position approach algorithm starts to activate. Therefore, the magnitude of heading angular rate increased (toward the negative direction) to drive the quadcopter to the target point (Figure 9 ). During this process, the relative distance Dt is always larger than the radius of boundary of obstacle (Dt ≥ R) (Figure 8) , and the velocity of quadcopter is constant at 2 m/s (Figure 10 ). The movement trajectory of the quadcopter for collision avoidance is shown in two dimensions in Figure 11 .
Conversely, Figures (12-17) show the performance of collision avoidance with target position T (14, 25) . In this case, α < 0, therefore α tracks β − (Figure 12) . The quadcopter turns right to avoid a collision (Figure 17) . The heading angular rate and velocity of the quadcopter are shown in Figures 15-16. During this performance, the relative distance Dt always satisfies Dt ≥ R (Figure 14) .
2) DYNAMIC ENVIRONMENT
In dynamic environment, an obstacle moves with a constant velocity v ob (v ob > 0) and a constant heading angle ψ ob (ψ ob = 0). In order to prove the effectiveness of the proposed algorithm with a moving object, the simulation was performed with different scenarios. As shown in definition 4 and Figure 2a , 2b, 2c, 2d, there are 8 cases for collision avoidance as follows: (Figure 2c with α < 0) VOLUME 6, 2018 
7)
These simulations use parameters in Table 1 . The other parameters such as: v ob , ψ ob and a target position T are given by each of case. The clearly results of simulation are shown as follows:
In the first case, the simulation was performed with v ob = 0.5 m /s, ψ ob = 145 deg, and T (5, 25) . Results of simulation are shown in Figures (18-23) . Once the relative distance Dt between the quadcopter and obstacle satisfies Dt ≤ D active (at t=4.52s in Figure 20) , the collision avoidance algorithm is activated. Since, α > 0, therefore α tracks β + (Figure 18 ). The heading angular rate increases to turn the quadcopter left to avoid a collision (Figures 21, 23) . At time t = 7.8s, the angle α starts to become larger than β + (Figure 18 ), meaning that v rel is outside the collision zone. Therefore, the collision avoidance algorithm stops working. From this point onwards, the quadcopter continues to go ahead with angular rate of zero until α ≥ 90 degrees at time t = 8.86s, at which point the collision avoidance is completely successful. At this time, the target position approach algorithm starts to activate. Therefore, the magnitude of heading angular rate is increased (toward the negative direction) to drive the quadcopter to the target point ( Figure 21 ). During this process, the relative distance Dt is always greater than the radius of boundary of obstacle (Dt ≥ R) (Figure 20) . The quadcopter's velocity is constant of 2 m/s (Figure 22 ). The movement trajectory of the quadcopter for collision avoidance is shown in two dimensions in Figure 23 . (Figure 2a With α < 0) Figures (24-29) show the results of simulation in this case. The situation of simulation is same case 1, but the velocity VOLUME 6, 2018 of obstacle is increased to v ob = 0.7 m/s. Therefore, α < 0, the angle α tracks β − (Figure 24) . The quadcopter turns right for collision avoidance (Figure 29 ). The performance of the heading angular rate and velocity of the quadcopter are shown in Figures 27-28 . During this process, the relative distance Dt is always greater than the radius of boundary of obstacle (Dt ≥ R) (Figure 26 ). 3) ψ m > ψ rel , ψ ob < 0, α > 0 (Figure 2b Figures (30-32) . In this situation, α > 0, therefore the angle α tracks β + (Figure 31 ). The quadcopter turns left for collision avoidance (Figure 30 ). Figures (36-38) . Since, α > 0, angle α tracks β + (Figure 37 ). The quadcopter turns left for collision avoidance. 6) ψ m < ψ rel , ψ ob > 0, α < 0 (Figure 2c With α < 0) In this case, the simulation was done under the same conditions as case 5, but with v ob = 0.5 m/s. Therefore α < 0, the angle α tracks β − (Figure 40) . The quadcopter turns right for collision avoidance. The results of this simulation are shown in Figures (39-41) . 7) ψ m < ψ rel , ψ ob < 0, α > 0 (Figure 2d With α > 0) Figures (42-44) show the results of simulation with v ob = 0.7 m/s, ψ ob = −60 deg and T (23, 25) . Since α > 0, the angle α tracks β + (Figure 43 ). The quadcopter turns left for collision avoidance. 8) ψ m < ψ rel , ψ ob < 0, α < 0 (Figure 2d) The last simulation was done using the same parameters as in case 7, but the obstacle velocity is v ob = 0.5 m/s. The results of the simulation are shown in Figures (45-47) . Since α < 0, the angle α tracks β − (Figure 46 ). The quadcopter turns right for collision avoidance.
The simulation results demonstrated the effectiveness of proposed method in both static and dynamic environments. The advantages of this algorithm are simple, low computation, and ability to find the fastest direction to avoid obstacles and reach a given position after completion of collision avoidance.
VI. CONCLUSIONS
A new algorithm to control the multicopters for collision avoidance was introduced in this study. This method can be applied for multicopters to avoid obstacles in both static and dynamic environments. Once an obstacle is detected, a boundary sphere of an obstacle is defined. From the geometrical relationship between the multicopter and an obstacle, the collision detection angle is computed to determine the most suitable avoidance direction. A guidance law is obtained from Lyapunov stability. Furthermore, a target position approach method to steer the vehicle to obtain the target point after completion of collision avoidance was presented.
Numerical simulations for different scenarios were performed, and its results demonstrated effective performance of the proposed method. However, the study did not consider collision avoidance with a moving obstacle in 3D environment and external disturbances. Therefore, the extension of this method in 3D dynamic environments and external disturbances will be studied in the future.
